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INTRODUCTION

New espacecraft designs feature large structures
characterized by low natural frequencies and stringent pointing
and vibration requirements. These large space structures pose
unique and difficult control problems. These problems include
syster bandwidths greater than structural natural frequencies:
lack of accurate information about the dynamic characteristic of
the structure being cortrolled: complicated high-order dynamics,
including non-linear behavior; and stringent requirements for
distributed shape controll. An important part of the solution to
these control problems is the development of actuators capable of
applying force or torque to the structures. Conventionally these
actuators have been reaction mass actuators or distributed
piezoelectric materials.

The motivation of this research is to investigace other
innovative actuator designs. In particular, the direct use of
electromagnetic forces is seen as a pronising approach.
Originally the focus of this research program was to develop
actuator concepts based on the Lorentz force interactions of
current carrying wires. These concepts range fror discrete,
distributed coils interacting with Earth’s magnetic field to
distributed winding patterns embedded in the space structure.
These actuators are expectad to have ¢ number of advantages
including hich bandwidth, compatibility with composite

structures, and low mass. In addition to the original focus,




this Phase I program expanded its foocus to inveatigate the
applicability of magnetostrictive materials to shape and
vibration control actuators. This expanded focus was the result
of the recent development of high performance magnetostrictive
material Terfenol-D. This new material offers a factor of 10
improvement in both strain capebility and energy density compared
to piezoelectric materials.

The research was divided into six tasks. First a flexible
structure model appropriate for control and actuator assessment
was developed. The next two tasks investigated actuator
placement jissues and developed design definitions for the
advanced actuator. The fourth task developed controller
algorithms. The fifth task evaluated the performance of the
controlled structure using the magnetic coil actuators. The
sixth task investigated the effect of these actuators on system
issues such as interference with the Earth’s magnetic field.

This report is organized as follows. The {first major
section exnlains the model development. A flexible beam model of
the MAST deployable truss gpace structure was used for this
study. In the next major section, which is the main emphasis of
this research, issues pertaining to actuator design are discussed
and an initial analysis is performed on each design method. The
magnetic analysis methods needed are reviewed briefly. Five
actuator designs are identified. The first is the interaction of
magnetic coils with the Earth’s magnetic field. The second is

the interaction of the magnetic coils with a large flux source on



another part of the spacecraft. These two types of uctuators are
shown to be undesirable for the MNAST application yet could have
advantages for control of other types of flexible structures.
The third is the interaction of distributed magnetic coils on the
flexible beam structure. The fourth is the local interaction of
magnetic coils placed very close together. The final approach is
the use of a nev magnetostrictive material called Terfenol-D to
control the beam through strain. Nagnetostriction is the
property of some materials to strain under the presence of a
magnetic field. The design and analysis of these approaches
involved investigations into system issues and actuator placement
issues. ‘

In the next major section, two of the more promising methods
the distributed coil interaction and the local coil interaction
are compared in more detail. Specifically, the control
effectiveness of the actuators, which is based on excitation mode
and actuator location, is derived and compared. The local
interaction method is shown to be more effective than the
distributed on hoth a per mass and a per power basis. The use of
Terfenol-D is also a very promising method, as is shown; however,
more comparison analysis needs to be done. It is proposed that
comparisons of the local interaction and the magnetostrictive
actuator approaches be parformed as an initial task for Phase II
research. The purpose of the next major section, Controller
Design, is to illustrate how the local interaction actuators may

be used in controlling a beam structure and to verify the control
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effectiveness concepts that were developed. The final secticn is

the conclusions s2ction.

MODEL DEVELOPMENT

This section outlines the method that was used to obtain a
large flexible structure model which is appropriate to the
investigation of distributed magnetic actuators. The nodel used
is a mathematical representation of the MAST deployable space
truss structure, which has a lowest natural frequency of 0.2 Hz.
This section contains an overview of the model requirements2, a
derivation of the finite element equations for the structure, and
finally a presentation of the structure’s dynanic

characteristics.

Overviev of the Model Requirements

The main purpose of this study is to assess the advantages
that can be gained by using distributed magnetic actuators to
achieve structural shape and vibration control. 1In order to meet
this goal, a flexible structure model is needed so that the
closed-loop perforumance of the controlled structure with the
actuators can be evaluated. This section outlines some of the
desired features of the flexible structure model.

The ideal model is complex enough to reflect flexible
structure dynamical features, such as low natural frequencies and
lijhtly damped structural modes. On the other hand, the model

must be simple enough to be analytically tractable and produce
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useful general insights into system behavior. In order to be
compatible with the control software tools which will be used,
the model must be reducible tn a finite state format.

To satisfy these mode) requirements, a two degree-of-freedom
finite element cantilevered beam model subject to transverse
shear forces and bending moments was chosen for this study. A
beam was chosen because it can be an appropriate simplified model
for many different types of flexible structures; for example, a
beam could be a simple model of a robotic arm or a depl:yable
truas structure. The actual parameters for this beam model are
compatible with the MAST structure. This structure is a 60 m
long deployable truss structure which was designed to be used on
space shuttle missions3. Figure 1 is an artist’s conceptiun of
MAST4. Because the shuttle is much more massive than the
structure, a cantilever beam is a good model of the system.
Although this NASA program is now cancelled, similar flexible
structures are 1likely for implementation in future space
programs. The finite element equations of the beam were

manipulated to obtain a finite state representation of the model.

The Finite Element Method for a General Structure

The finite element method is based on the principle of
virtual work which states that equilibrium of a body requires
that for any compatible, small virtual displacements (which
satisfy the geometric boundary conditions), the total internal

virtual work is equal to the total external virtual work.



Figure 1 tist’s Concepti ST_Struc 5

Therefore, for a general three-dimensicnal body such as shown in

Figure 2, the principle can be stated as follows:

[?'7 dv = Jﬁ' dev+]ﬁs' £S as + £ uls Fi )]
v 8



Figure 2 -

where the overbar denotes virtual quantities, and

B = [ £,B fyB £,B )’ = Externally Applied Body Forces

£ = [ £,5 £yS £,5 ] = Externally Applied Surface Forces

Fi = [ in Fyi in ]’ = Externally Applied Concentrated
Forces

U’ = [UVW]' = Body Displacements

€ = [ exx cyy ¢zz Txy Tyz vzx)’ = Body Strains

T = [ %X Tyy Tzz Xy Tyz sz]' BOdy Stresses

<
]

Volume

S = Surface Area

Although Equation (1) is an expression of equilibrium, it can
also satisfy constitutive and compatibility remquirements if the
problem is formulated properly®.

The general procedure of any finite element problem begins
with approximating the body as an assemblage of discrete finite
elements which are interconnected at nodal points. The next step

is to obtain individual element equations which satisfy the



constitutive and compatibility requirements?’.

Element stresses can be related to element strains by the
elasticity matrix (Equ&tion (2)). When this relationship is
incorporated into the principal of virtual work, constitutivs
requirements are satisfiedS.

M = ol M, Im (2)
C® = Elasticity Matrix for Element

+IM = Element Initial Strass Vector

¢eM = Element Strain Vector

For compatibility requirements, first a displacement
interpolation matrix, HM, is formulated to relate internal
element displacements to displacements at nodal points (Equation
(3)). Strain-displacement relations can then be satisfied by
appropriate manipulations of the displacement interpolation

matrix (Equation (4))9.

um(leIz) = Hm(X,Y,Z) U (3)
u® = Element Displacement Vector
U = Vector of Global Displacements at Nodal Points

e™(x,y,2) = B™(x,y,z) U (4)
B®™ = strain Displacement Matrix

The last step of the finite element method is to assenble
the individual element eguations in order to satisfy the
principle of virtual work.

Zm [ W oW gyl = 3, J g®s £Bm qym 4 3 J UmSs £Sm ggM 4 gy Gispd
S

vy ym m
(5)
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In tha above expréssion. the element contributions to the virtual
work are calculated by integrating over the elemental volume, VR,
or surface area, SM, appropriately; and the contributions of all
the elements are summed up to obtain the total virtual work. By
substituting Equations (2), (3), and (4) into Eguation (5),
compatibility, constitutive, and equilibrium requirements can be
satisfiedl0, '

U’ [ Zp I Bl/c B gyR J U = U’ [ ( =p | HO/£BM gym
vm Jvm

e

+ { =p HSM, £Sm ggm }
L sm

r
- (zZp| B I auM) + F )
Jym

(6)

L 2 s

‘ Since the principle of virtual work is satisfied for any
arbitrary virtual displacements, which do not violate geometric
boundary conditions, all of the virtual displacements can be set
equal to one. Equation (6) can now be rewritten as:

KU=R (7)

K = Zp J B/ ch B0 gV® = 3, KW
v

R = Rp + Rg - R + Ro

Rp = Em J HR/ gBm gqym = Iy Rp®
vy
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Rg > m HSM, £5Mm ggh o tp Rg®

Rf = n| B® fl av® = zp Ry®
Jym

Re = F = Iy Rc™

D’Alembert’s principle can be invoked to inccrporate dynamic

effects into the model (Equation (8) and Equation (9)).

Rg = Zp l HR¢ ( ¢Bm . M gm u ) avk (8)
v.'n

U = du2 / dt?

¢p™ = Mass density of element m

M= Zp J p® HM/ HM gyM = y MM (9)
vy

Therefore, the finite element equations for a general body arell:
M ;J. + KU =R (10)

Boundary conditions are imposed by splitting up the problem

into known displacements and unknown displacements and then
expressing the unknown displacements in terms of the Kknown
displacements (Equations (11) and (12)). The resultant set of
equations has the same "spring-mass" form as the original set of
equations, only the load vector is modified in such a way that

boundary conditions are satisfied.

(1]
Maa Mab Ua! + {Kaa Kab||{Ua = Ra

0 \
Mpa be_ _Ub_ + !_Kba Kpb||Up = Rp (11)

10



Ua = Prescribed Displacements

" Up = Unknown Displacements

(1 "
Mph Uh + Kpp Up = Rp ~Mpa Ua Kpa Ua (12)

Once the unknown displacements have been solved for, the unknown

loads can be obtained as is shown in Equation (13).

se

!
Ra = Maa Ua + Hah "b + Kaa Ua + Kab Ub (13)

Finite Element Equations for a 2-degree-of-freedonm cahtilever
Beam

The flexible structure model used in this study was a
cantilevered beam subject to shear forces and bending moments. A
computer program was developed to give the finite element
equations for a cantilevered beam with variable length elements,
1 (see Figure 3). The beam used has a constant crass-sectional
area as shown. The element is described by axial, transverse,
and rotational displacements. Axial displucements are later
dropped from the final equations because “he bending behavior is
of more interest than the axial behavior. Allowing the program
to have a variable number of varisble length elements gives some
degree of control over the comn'exitv of analysis.

A 35, 140 state element mocdsl was used for natural frequency and
mode shiape computations. Models with fewer elements were used
for controller design.

The finite r.lement equations for the cantilever bean

11
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nedlecting damping can be written as follows:

MU+ XU = R
N+1
K = 3 K®
1

N+1

M = 3z MD
1

U = [upw) 8] w2 83 ... UN+1 WN+1 ON+1 )
= (Nodal Displacement Vector)
R = [ Fp) My Fp M3 ... FN+1 MN+1 ]’

= (Concentrated Nodal Force Vector)

12

(14)
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Boundary Conditions
w1 = 0
8 = 0

Because the beam is cantilevered, the boundary conditions at the
wall are zero transverse displacement (w; = 0) and zero
rotational displacement (6; = 0). The affect of these boundary
conditions, when the problem is split into known and unknown
disnlacements as discussed earlier, is to reduce the order of the
set of equations by 2. Body, surface, and initial stresses are
assumed to be zero in this mod :l. SatCon actuators will provide
concentrated control iources to the beam. Thus the concentrated
forca vector R is dependent on the number and nodal location of
the actuators.

As exnlained previously, the usual method for defining
stiffners and mass matrices involves choosing interpolations to
relate displacements within the element t> displaceaents of the
nodes. In the model used for this study, the element stiffness
and mass matrices were derived using the "exact" displacements

obtained by solving the static beam Equations (15) and (16)12,

Axial Benavior:

d du
-- (EA --) = 0 (15)
dx dx

x = distance along element i and
E = Young’s Modulus
A = bh

u(x = 0) = uU(NODE i)
14




u(x = 1) = U(NODE i+1)
u(x,y) = u(x) - ye(x)
Bending Bchavior:

a2 a2w
;;5 (EI d;; ) = 9 (16)

w(x = 0) = W(NODE i+l) and w(x = 1) = W(NODE i+1)

I = Moment of Inertia = bh3/12 (see Figure 3)

The element stiffness and mass matrices (neglecting axial
bebavior) are shown in Figure 4 (The structure of the stiffness
and mass matrices which incorporate axial behavior is such that
the iLransverse displacement, w, and the rotational displacement,
6, do not depend on the axial displacement, u). The stiffness
and mass matrices for the whole structure are obtained by adding
together the appropriate matrices of all the elements.

To transform to a first order finite state set of equations
needed for the control software, a new state ventor (which
neglects axial behavior) is defined and Equation (14) is

revwritten as:

i + .0 - i.R '?
{ !
|

+ | M'lé ] J (17)

U - 0 I '
0 |

(=]

Ce

U - -M-1 K

U = [W2 82 ... VN4 ON4) W2 02 ... WN+L ON42)T
Equation (17) includes the effect of the boundary conditions of

zero displacement and rotation at the wall.
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Dynamic Characteristics of the Beam Model

The beam model used in this study could be a simplified
model for a variety of flexible atructures, such as a rohotic arm
or a deployable truss structurs. The beam mnodel chosen is a
mathematical representation of the MAST space structure (Figure
l). A bean of length 60 u ({197 f£t) with a lowes®* naturql
frequency of 1.15 rad/sec (0.184 Hz) was chosen for this
analysia. To obtain these values, the physical parameters used
are displayed in Table 1. A 247 kg mass (544 lbm) with a moment
of inertia of 20 kg m? (475 lbm ft2) was situated at the tip of
this modell3. A 35 element model was used in the calculation of
natural frequencies (Table 2) and mode shapes. Figure 5 is a
plot of the first four mode shapes. The lowest mode in this plot
has a large transverse deflection at the tip. As the excitation
frequencies get higher, more energy is required to move the large

tip mass and the tip increasingly behaves like a pinned end.

Table 1. Physical Parameters of Beam Model

E = Young’s Modulus = 5,2 x 107 N/m2 (7542 psi)

v = Poisson’s Ratio = 0

h = Beam Height = 1.7 m (5.6 ft)
b = Beam Width = 1.42 m (4.66 ft)
L = Beam Length = 60 m (197 ft)

p = Mass Density = 1.95 Kg/m3 (0.122 lbw/ft3)

17
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Table 2. Lowest Four Natural Frequencies of
35 Element Model.

0.184 Hz
1.83 Hz
5.7 He
11.7 He

NORMALTIZED BEAM DISPLACEMENT

0 10 20 3 40 $0 €0

POSITION ALONG LENGTH OF BEAM (m)

Figure 5 Mode Shapes
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ACTUATOR DESIGN

This section is a discussion of the actuator design concepts
which were investigated. Because many of the acutator designs
involve the production of forces and torques by interacting cur-
rents, the first part of the section is a review of the electro-
magnetic analysis methods. The next section describes the five
actuator approaches examined and discusses some of the advantages
and disadvantages associated with each particular approach.
Magnetic Analysis Methods
Maanetijc Forces

Circuits carrying electrical current produce forces on each
other. For the general case'depicted in Fiqure 6, this force can
be obtained by the magnetic force law

Ko 1
Fab = ( 7= )1a Iij)a <f>b Y dlp x (dly x 1) (18)

r

; where Fap is the force exerted by current I; on current Ip. The

line integrals are evaluated over the two circuits, and the
vectors 4la and dlb are incremental elements which point in the
direction of the current flow. The constant ug = 4r x 10 ~7 N/AZ2
(8.99 x 108 1b/A2) is the permeability of free spacel4. The
magnetic force can be written another way so that it is more
obvious that Newton’s third law holds.

In general these integrals cannot be evaluated analytically.
They are performed numerically. However by rewriting Equation
(18) , we can express the force F,p a8 an interaction of the
current "b" with the field of the current “a".

19
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Figure 6 Two Current Loops

Eap = Ibéﬂbxﬂa (19)
where
Bo 1
Ba=(--) Ia¢ =5 (dla x I1) (20)
4x a Ir

This is the Biot-Savart Law for the force between two current
loopsl3., B, is the magnetic induction due to circuit a at the
position of element dla)p and is measured in units of Tesla. This
expression can be evaluated for simple geometries. The flux of

the magnetic induction through a surface S is defined byl6

°=I B dA (21)
]

Another method can be used to calculate the force exerted on
circuit "a" due to circuit "b". This method is based on energy

20
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methods. By assuming a small virtual translation of one coil and
then using the conservation of energy, the magnetic force in any
direction x can be written as

Fap = Ia Ip ( %:-: (22)

where M is the mutual inductance between the two circuits and can
be related to the magnetic flux linkin§ the circuitsl?,

® ba =M Ip (23)
In physical situations, these interacting circuits which produce
force on one another are made up of coils of wire and can thus be

referred to as coils.

Far-Field Approximatijon

At distances which are large compared to the size of a coil
(i.e., at least 10 coil radii away), far field approximations can
be made for the magnetic induction and the interaction force. 1In
this case, the magnetic field can be descrited using spherical

coordinates r,8, ¢ for a coil located at the origin (Figure 7)18,

ko 2m
By =( === ) cos @
4r r
bo M
Bg = ( ==~~= ) sin e (24)
4x 13
B¢ = 0

where 3 = ISp is the magnetic dipole moment of the current lcop
and n is a unit vector perpendicular tc the plane of the coil.
Because field falls off as the cube of the distance from the

origin r3, placing a second interacting coil closer to the origin

21
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Figure 7 Spherical Coordinate Svstem

will produce stronger interaction forces and torques. The
interaction force and torque due to coil 1 located at the origin
with its magnetic moment in the z direction on coil 2 located at
(R,0,4) (see Figure 8) can be written as belowl?
E=m V (B * n2) = (@2« V) By (25)
Lt=m8 X B (26
Notice that the interaction force is a function of the gradient
of the magnetic field and therefore is proportional to the
inverse of the fourth power of the separation distance (F a
1/r4). The torque, on the other hand, is proportional to the
inverse of the third power of the separation distance (r o 1/r3).
Thus the strength of the force falls off more quickly with
distance than does the strength of the torque. Because we are
considering actuation schemes which involve both force and torque

22
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Figure 8 Two Interacting Dipoles

capability and these capabilities are sometimes traded off in the

design process, this fact will have important implications

regarding the actuator effectiveness. When the far field

approximation is used, the coils are sometimes referred as

dipoles.

Example “Standard" Dipole
Most of the actuator approaches examined will use control

coils. The remainder of this report will make extensive use of a

"standard size" control coil for scaling analysis. This

"gtandard" coil, shown in Figure 9, has an outer radius (ry) of 5

23
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cem (1.97 in), an inner radius (rj) of 2.3 cm (0.98 in), a height
(h) of 10 cm (3.94 in) and a current density (J) of 105 a/m2 (645
A/in2). This current density is very conservative, typical of
household wiring. For reference purposes, the volume of this
coil is 589 cm3 (35.9 in3), and its mass is 1.6 kg (3.5 lbm) if

made of aluminum.

g

Yo = 0.05 m

> —>

r; = 0.025 m
h=0.1m

J = 106 a/m?
Figure 9 "Standard" Size Cojl

The magnetic moment of the "standard" dipole can be

calculated using Equation (27).
Am =0.5 J L xJadv = shI(rgd - ri3) = 11.4 A m2 (123 A £t2) (27)

The interaction force and torque between two of these "standard"
dipoles can be calculated using Equation (25) and (26). For a
configuration shown in Figure 10, in which the dipole moments are
perpendicular to each other, and a coil separation distance of 1

m (3.28 ft) the resulting force and torque on coil 2 are

F = - mmmmm——eoe X =3.9 x 1075 N(8.8 x 1076 1b)x (28)
4 x rt
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-—

D\WPOLE 1

X
Figure 10
Interaction Force and Torque on Two Standard
size Coils
solml Im2| -5 -5
S et 2.6 X 10”7 N m (1.9 x 10”5 £t 1b)y (29)
2 T

Note that for this example configuration, the force and torque
are perpendicular both to each other and to the axis connecting
the coils. Importantly, a csystem containing both dipoles will
see no net force or torque, although each dipole experiences both
torque and force. The equilibrium of a system containing both
dipoles is a direct consequence of Newton’s third law. The force
and torque on coil 1 can-be found using Newton’s third law. For
example, the force on coil 1 is equal in magnitude and opposite

in direction to the force on coil 2 by force equilibrium.

Maxwell’s Mutual Inductance Formula for Circular Filaments

When the dipole approximation can not be used, another
method must be used to obtain the interaction forces.

For two equal radius circular filaments coaxially located as
shown in Figure 11, the mutual inductance can be expressed in a
formula given by Maxweil20:

25




u-4.a{(§-k)r-§z) (30)

where

k=2/J1+ (ré/a%)

a = radius of circular filaments
r = distance between centers of filaments

F = Complete elliptic integral of the first kind
with respect to modulus k

E = Complete elliptic integral of the second kind with respect
to modulus k

!
oot

Figure 11 Two Coaxial Fqual-radjus Circular Filaments

By differentiating this expression with respect to r and
multiplying by the products of the currents, as in Equation (22),
an expression for the force can be written. This differenti-~tion
can be performed numerically by using the polynomial
approximations for the elliptic integrals found in Reference 21.
It turns out that the interaction force between the two current
loops is a function of the ratio of the separation distance to
the coil radius (r/a). The magnitude of the force normalized by
26
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the product of currents is shown in Figure 12. This plot shows
that at near field (r/a <1) the filament force is inversely
proportional to r/a. For far field (r/a >10), the force goes as
the negative fourth power of r/a. This can be verified using the

dipole far field approximations for force as shown earlier.

Magnitude of Filament Force vs r/u

N

10-‘5 —
t

T
NN
10:’: | \

E
[ \
o — -

Magnitude of Filament Force (N/Amp~2)

QL 4 s s tiastl 48 ) LA 8 & S ALEMIA 4. R ADALE

-

r/a (cm/cm)

Figure 12 ie ame i e

ACTUATOR APPROACHES

This section describes the actuator design approaches
examnined in this study: Most of these designs involve the
interaction of a magnetic coil with a magnetic field from another
source. Hence the actuator designs are based on the analysis
developed in the previous section. The first actuator design
uses a number of distributed coils at various places in the
flexible structure that interact with the. Earth’s magnetic field
to produce control torques. The second design approach uses a
large magnetic flux source and produce torques on the structure
by interaction of distributed coils and this flux source. The

27
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third design approach produces forces and torgques on the
structure by the interaction of distributed coils. The fourth
design approach uses a local interaction scheme that involves
placing coils close together on structural truss producing force
or strain that is transmitted to the overall beam structure. The
final approach involves the use of a magnetostrictive material in

order to control the structure.

Interaction of Distributed Coils with Earth’s Magnatic Field

This actuator design uses magnetic coils distributed along
the structure interacting with the Earth’s magnetic field and
producing control torques on the structure. This actuator
concept is illustrated schematically in Figure 13.

The Earth’s magnetic field can be modelled as that of a
dipole. The magnitude of this field can change for a variety of
reasons. Solar wind, solar radiation and sunspots, for example,
can alter the field’s strength. The dipole strength is
decreasing by 0.05% per year22. The field intensity also varies
with longitude, latitude, and altitude. The variation of the
maximum value of the Earth’s magnetic field with altitude is
shown in Figure 14. Notice that as can be expected from the far-
field equations for magnetic strength of a dipole (Equation
(24)), the strength of the field decreases with altitude.
Altitudes typical of low-Earth-orbit applications are 50 knm.
This includes space shuttle applications such as MAST. At this
altitude the magnetic field strength is on the order cf 0.5 Gauss
( 50 microtesla). This field strength will be used in

28
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Figure 13 Actuator Approach 1: Interaction of Distributed
Coils with Earth’s Magnetic Field
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Figure 14 Earth’s Magnetic Field vs Altitude

the calculations that follow.

Brcause the Earth’s magnetic field is relatively constant
(i.e., the gradient is very small), this actuation system is not
good at producing control forces on the structure. This is
because the dipole force is proportional to the gradient of the
magnetic field (Equation 25). The control torques on the
structure, on the other hard, can be calculated from Equation
(26) . The maximum torgque that this technique can produce was
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calculated by using a relatively large control dipole and
assuning an orientation relative to the Earth’s magnetic field
vhich maximizes the torgue. A "“standard" size control dipole of
(Figure 9) was used to calculate the torque available at an
altitude typical for low-Earth-orbit space applications (such as
the shuttle). At this altitude, the esarth’s magnetic field is 50
microtesla (0.5 Gauss). The resulting torque and torque per unit

of actuator mass are presented below.

v = 5.7 x 1074 Nm (4.2 x 10”4 £t 1b) (31)
r Nm
———- = 3,5 x1074 ~-= (1.2 x 10™4 £t 1b/1bm)
nass Kg

These torques are rather small for controlling the beam
model used in this study. Another disadvantage of this actuator
design for control of the MAST model is its dependence on the
orientation of the actuator to the Earth’s magnetic field. A
control system which incorporates these actuators for shape and
vibration control would have to sense and control positioning of

the actuator With xeswmect to inertial space.

Interaction of Distributed Coils with a Large Flux Source

This actuator design concept is similar to the above except
that instead of the Earth’s magnetic field, a large flux source
is mounted on ihe sp‘acccratt. The field produced by this flux
source interacts with, distributed coils and produces control
torques. A schematic of this approach is shown in Figure 15.

A superconducting solenoid with a current density of 10°
A/m? (9.3 x 106 A/£t?) magnetic moment of 107 Am? (1 x 108 A ft2)

31
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wvas used as the baseline flux source. The dimensions of this
solencid are shown in Figure 16. This is a large solenoid. 1Its
height (h) is 1 a (3.3 f£t) and its outer radius (ry) is 0.5 m
(1.6 ft). Its volums is 0.6 =3 (21 f£t3) and its mass is
approximately 5200 kg (1.1 x 104 1bm).
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Yo = 0.5 m
ry = 0.25m
h = 1n
J = 108 a/m?
Figure 16 i e s

At a distance of 50 m (164 ft), the maximum torque on the
"standard" size dipole (Figure 9) is 1.05 x 10™%4 Nm (8 x 1075 ft
1b). As in the previous actuator approach, this torque is
dependent on the orientation of the control dipole with respect
to the large flux source. The disadvantage of this approach is
that torques can only be produced in two directions. This is
clear from the dipole equation for torque (Equation (26)) which
states that the torque gces as the cross product of the magnetic
moment and the magnetic field; thus, torque cannot be produced in
a direction which is parallel to the magnetic moment of the large
flux source. Another disadvantage for application of these
actuators to the MAST structure is that the large flux source
experiences a large torque due to the Earth’s magnetic field.
This torque is about 570 Nm (420 ft 1lb) at an altitude place when
the Earth’s magnetic field strength is 50 microtesla (0.5 Gauss)
(i.e., an altitude typical for 1low-Earth-orbit shuttle
applications). Because MAST is designed to be deployed from the
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shuttle payload bay, this torque would have to be carried by the
shuttle. Flexible structure control of the MAST beam would have
to be coupled with attitude control of the shuttle in order for
this actuation scheme to be used. Thus this actuator approach is
not desirable for the MAST application. This scheme, on the
other hand, may be more advantageously employed for another type
of spacecraft that combines attitude control with flexible
structure control. In any case, the large flux source would need

to be superconducting for acceptable power consumption.

Interaction of Distributed Coils

This actuator design approach places a number of magnetic
coils along the structure and obtains forces and torques by the
dipole interaction that exists between them. A schematic of this
approach is shown in Figure 17.

Three configurations are considered which encompass the
spectrum of all possible configurations (i.e., a general
configuration would be a linear combination of these three)
(Figure 18). The first dipole is placed at the origin with its
magnetic moment in the 2z direction, and the position of the
second dipole is varied for the three different configurations.
In the first configuration, the second dipole is offset from the
first by a distance, r, along the y axis and has a magnetic
moment in the 2z direction. In the second configuration, the
second dipole is offset a distance r along the 2z axis and its
magnetic moment is in the x direction. The third configuration
has the second dipole on the z axis as well, but with the

34



* Figure 17 Actuator Approach 3: Interaction of Distributed coils

f magnetic moment in the 2z direction. The dipole forces and

torques are computed as a function of magnetic moment using the
far-field equations developed in the previous section (Equations
(25) and (26)) and Newton’s third law. The configurations and
[ j force/torque on coil 2 equations are shown in Figure 18. The

force in all three con- figurations is proportional to 1/r¢ as

A expected from an earlier discussion about Equation (25). The
: force is strongest in the third configuration by a factor of 2.
,,] This configuration, however, has no torque capability. Only the

second configuration is capable of producing both force and

] : torque, as can be seen in the
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Configuration 1

ﬁz

F==-3pummyYy =9

4 a'r4

Figure 18(a) Configuration of Distributed Coils and Their
Associated Dipole Interaction Force/Torque
Expressions for Force/Torgue on Coil 2
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Configuration 2

o)

m,

E= 3 pom m £ L =-pommy

4 x 4 2 x x3

Figure 18(b) gConfiguration of Digtriouted Coils and Their
Associated Dipole Interaction Force/Torgue
Expressions for Force/Torque on Cojil 2
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Configuration 3

m,
>
Y
X
E==-3pom m g r=20
2 " I‘4
Figure 18(c) tio i i (o}

icole Int t ] F /T p
Expressions for Force/Toxque on Cojl 2
equations in Figure 18. The magnitude of this ¢torque is
proportional to the inverse of the cube of the separation
distance (r o 1/r3). This was also established earlier by
congideration of the dipole Equation (26). The direction of the
force and torque capability in the second configuration is
appropriate for the control of beam bending behavior (Figure 19).

This figure shows both the forces and the torques are in
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7o =L rF 7.- 2rF
3 3
Figure 19
Prodyces
for Beam Bending Control

directions which support control of bending about the y axis.
The sum of these forces and the sum of these torques is zero as
can be expected from Newton’s Third Law of Action-Reaction.
Calculations were performed to determine the magnitude of
the force and torque capabilities as a function of separation
distance, r, and current density, J. Figures 20, 21, and 22 are
plots of coil 2 forces and torques normalized by the product of
the magnetic moments of the two coils vs. dipole separation dis-
tance. These plots indicate the effect of separation distance.
As established earlier by consideration of the dipole equations
(Equations (24), (25), (26)), the strength of the force or torque
39
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Figure 20 Force vs Separation Distance for Configuration

is weaker as the distance between the dipoles increases.

Conparison of these three configurations show that the force
is strongest when the dipole moments are aligned with each other
(the third configuration). If the dipoles have a magnetic dipole
moment of 11.4 A m2 (123 A ft2) as in the "standard" dipole, this
force capability is on the order of 10~% Newtons (1075 1b) for a
2paration distance of 1/2 m (1.6 ft). The other two
configurations give forces that are half as strong for the same
magnetic moments and separation distance. The second
configuration, however, is the only one which is capable of
producing a torque. This is significant as the torque falls off
as 1/r3 while the force falls off as 1/r% as shown earlier.

~ae effect of current density is shown in Figures 23, 24,
and 25. Plotted is coil 2 force or torque vs current density.

40

R - T



T

canfiguration 2

x10~¢

bt AR Bl T it R R R TR TS -
o0
]
o
o
o
o
=
o
[
°
o
o
-~
o
"
-]
24
°
>
\\‘
# . k-]
Ve L)
P
-
o
~ .
\ °~
L
DL T S e S A S -.l;.a
® * v s 0w ~« wa oo
-+ o (Y] - o

| 4 /N zmcpefanang wenaaap x

Dipoie Separation (m;

configuratioa 2

x10~7

R R B

ARSI RN PPN R ——,

0.9 0.9%

9.7 . 0.8

o

]

c

e

e

n

-1

?

e

JF U NEY Y. L

< o < ©o
2 -t 2 =
1] 1 ] 1

.m:-w\ " N) ‘sixe £ 1hoge (2,3u) /enbiog

Dipeie Separauom Distance (m)




B [y YNy PR |

[}
4 Biscutron Fusco /(i mz) tu/n'u."

0.3 043 ou 088 0.7 o078 0.8 0.8 0% 098 t

Dipoie Separsties Distance (m)

=0

Figure 22 Force vs Separation Distance for
configuration 3

o cenfiguratien |

«0.08~
i
-l

=0.18- -
t

-2.3%

-).28 - N

¥ Bnncotion Fuece (N )

=33
I
t
-0.25~
t

=34
0 3 2 3 + £ [ ] k a 9

AN VY WY N

-
(-]

Current Denmity (4/md) 2107

=9

Figure 23 Force vs Current Density for Configuration 1

42

LRI




o
s

1 s

0.33~ ‘.~' .l

! S

- 03 Va

2 el S

: 0.8k / ]

5 { -~ // 3
T 02
i

$ oasr b

o ,///// |

0.t b / 1

]

b
P
o o
K\\‘\\
s

t ]
Cutrent Jensty \A/m |} )

cenliguraden 2

«0.03+ q

7 -
2 -0.1 b
2

]

Y
Doasr
]

S -0ar
5

-

~0.28+ \

Current Deasity (A/n‘) 2107

Figure 24 [ o)

uStandard" size dipoles (Figure (9)) uare used with a separation

distance of 1 m (3.3 ft) (m = 11.4 Am2 (123 A ft2)). Because the

Ko

magnetic moment is proportional to the current density, the
torques and forces are proportional tc the square of the cﬁrrent
density. Typical values of current density range from 106 a/m2
(9 x 104 A/£t2) in household wiring applications .o 108 a/m2 (9 x
106 A/ttz) in superconductors. The plots show values on the order
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Configuration 3

of 0.4 N (0.09 1b) and 0.25 Nm (0.18 ft 1lb) on coil 2 for the
second configuration for a current density of 108 A/m2 (9 k 104
A/ft?). The third configuration has a force which is twice as
strong (0.8 N) (0.18 1b) for this current density but no torque.
Claims of current densities of 1010 a/m? (9 x 108 a/ft2) have
been reported for new high-temperature superconductors, raising
the force and torque potential of this actuator system by a
factor of 10000.

Further investigation of the feasibility cf this approach is

provided in a following section.
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Iocal Interaction of Magnetic Coils on a Truss Section
As established earlier, stronger forces and torques can be
obtained by placing the coils closer together (Equations (25) and
(26)). The fourth actuator approach is different from the
previous concepts in that the coilaz are designed to be very close
to each other to take advantage of the higher force capability.
This approach is to place magnetic coils on a truss section
of the MAST beam model. A schematic of this approach is shown in
Figure 26. Notice that these coils are in the configuration
. where their magnetic moments are aligned on the same axis. The
dipole equations (Equations (25) and (26)) predict a force along

this axis. This configuration is the same as configuration 3 in

BEAM WITH TRUSS SECTION TRUSS SECTION s

Figure 26 Actuator Approach 4: Local Cojl Interaction {

45

et e B L P = SN

e e o e



the previous discussion. However, unlike the previous actuator
approach, the dipole equations (Equations (25) and (26)) can not
be used in this approach because they break down at close
separation distances (r < 10 ceil radii). Thus the alternate
methods using Maxwell’s mutual inductance formula (Equation (30))
will be necessary for the analysis.

In addition to more complicated methods to compute the coil
force, the 1local interaction actuator approach requires more
complicated modelling for the MAST beam-actuator interaction. As
shown in Figure 27, there are two extreme ways to model this
interaction with the beam. One way is as if the beam is much
more massive than the truss and acts essentially as a kinematic
constraint preventing mction. 1In this case, the force at the end
of the truss is completely transmitted to the beam. If the coils
are centrally located in the truss, and the truss is modelled as
a continuous spring, the force transmitted to the beam is coil
force reduced by a factor which is the ratio of the separation
distance (r) to the truss length (1). Thus there is an inherent
tradeoff between placing the coils close together to obtain a
stronger magnetic force and placing them close to the end of the
truss so that more force is transmitted to the overall beam
structure.

In the other extreme model, the beam is assumed to deflect
due to the magnetic coil interaction force. In this model, no
force is transmitted to the beam. As emphasized in the Figure

27, the deflection of the beam under this modelling approximation
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is also proportional to the ratio of the separation distance (r)
to the truss length (1). Thus the tradeoff between placing the
coils close together and separating them is also in effect here.
The two modelling extremes can be used to find two extreme
approximations of what will actually happen. 1In actuality, there
will be some force and some motion transmitted to the beam.

The advantage of the local interaction approach is that
because the coils are closer together, they are able to produce a
stronger force than the other type actuator designs. To analyze

this approach, the near field calculation of the mutual
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inductance in Maxwell’s formula (Equation (30)) is necessary.
This expression is then differentiated to find the interaction
force (Equation (22)). As stated earlier, polynomial
approximations for the elliptic integrals in the expression for
mutual inductance and numerical differentiation was used to
calculate the coil interaction force. The results were shown in
Figure 12, a plot of force normalized by the product of the coil
currents vs the ratio of coil separation to coil radius (r/a).
This plot can be used to find the magnitude of the force for
given values of separation distance, coil radius, and coil
currgnts.

An example calculation that is applicable to the MAST beam
is included to illustrate this approach. For reference, some
MAST trusses have a diameter of approximately 2.54 cm (1 inch).
This value is ﬁsed for the diameter of two coils centered in such
a truss in a confiqguration so that their magnetic moments are
aligned with the axis of the truss as in Figure 26. The coils
are assumed to be separated by a distance of 1.27 cm (1/2 inch)
so that r/a is equal to 1. A current density 108 A/m2 and a wire
cross-sectional area of 0.25 cm? (3.9 x 1072 in2) is assumed for
both coils. Under ;hese conditions the coils produce an
interaction force on each other of approximately 8 x 107 x
(108)2 x (2.5 x 10°5)2 = 5 N (1.1 1b). This is over a factor of
5 increase in comparable calculations for the distributed coil
interaction case. Because both the distributed and the local

coil interaction actuator designs can be used in the MAST
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structure, these will be compared in further detail in the next

major section of this report.

SatCon has expanded the focus of this research program to
include an actuator approach which uses a new magnetostrictive
material, Terfenol-D. This approach shows much potential as an
actuator for intelligent structures. While the other approaches
are based on magnetic forces which arise due to the interaction
of currents, this approach is based on the property of"
magnetostrictivity. This means the material will produce strains

under the influence of a magnetic field. This actuator approach

is now very promising because the new material, Terfenol-D, has
shown much stronger magnetostrictive properties than other
materials. Furthermore, it has a factor of 10 improvement in
both strain capability and energy density of piezoelectric
materials. SatCon has included some preliminary results in this
report. Further analysis is proposed under an initial task in
Phase II, to compare the use of Terfenol-D with the other
actuator approaches in this program. Phase II will then identify

one concept to develop into a baseline prototype lab model.

Magnetostriction

Useful magnetostrictive materials produce large strains
(extensions) when subjected to magnetic fields. In most
materials this effect 1is quite small. For example,

magnetostrictive strains in Nickel are on the order of 10 parts
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per million (microstrain). The rare earth elements, however,
possess a number of extraordinary magnetic properties. One of
these properties is the abiiity to produce large magnetostrictive
strains. During the 1960’s and early 70’s a variety of rare
earth materials with large magnetostrictive strains, on the order
of 1% (10,000 microstrain) were found. These materials, however,
only exhibited these large magnetostrictive strains at 1low
temperatures.

During the 1970’s, a variety of new rare earth compounds
that exhibit high levels of magnetostriction at room temperature
were developed. These rare earth/iron compounds have large
\magnetostrictive strains of up to 0.2% (2000 microstrain) and
Curie temperatures of over 500 degrees Fahrenheit. Researchers
at the Ames Laboratory of the Department of Energy and at the
Naval Surface Weapons Center have further developed these
compounds and their manufacturing processes to the point where
they have recently become commercially available under the brand-
name Terfenol-D. Terfenol-D is formed from the rare earths
terbidm and dysprosium and from iron (Tb, 3Dy, 7Fe,; 4,) which is
directionally solidified by free-stand-zone-melt (FS2ZM) process
to near single crystal or directionally solidified by the
Modified Bridgman process. The resulting material is available
in rods of up to 1.5 inches (3.8 cm) in diameter. This stock can
then be sliced into lamination thicknesses if desired.

Because of these recent developments, large-strain

magnetostrictive materials capable of room temperature operation
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are now avallable as the engineering material Terfenol-D. The
most important property of Terfenol-D is its magnetostrictive
characteristics. Like all magnetostrictive materials, its strain
(¢) is a function of both the stress (¢) and the applied
magnetizing field (H) as

e = f(o) + g(H) (32)
This relation for Terfenol-D is shown in Figure 28. Shown are
curves of strain (in parts per million or microstrain) versus
applied magnetizing field (in Oersteds) for various levels of

compressive stress. These curves are found placing a Terfenol-D
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rod inside an electrical solenoid and axially compressing the
Terfenol-D with a fixed load (fixed stress). The electric
current in the solenoid is then varied, which varies the applied
magnetizing field (H). The resulting axial expansion (tensile
strain) of the Terfenol-D rod is then measured.

Many of the important characteristics of Terfenol-D can be
seen in Figure 2823, The maximum strain is about 0.2% (2000
microstrain), approximately 10 times better than piezoelectric
materials. The strain curves are symmetrical about the zero
applied field point reflecting the fact that Terfenol-D contracts
for both positive and negative magnetic field orientations. The
magnetostrictive phenomenon is much stronger when the material is
under compressive stress. The change in strain for unit change
in applied field is strongest at applied fields of approximately
500 Oersted. Because of these properties, Terfenol-D is best
utilized when its is preloaded with compressive stress and biased
with a dc magnetic field.

The operation of Terfenol-D actuators can be explained with
the simple subsystem shown in Figure 29. Shown is a Terfenol-D
rod surrounded by an electric solenoid. A simple model of this
subsystem would include the solenoid coil current and stress in
the Terfenol-D as external inputs. The outputs are the strain in
the Terfenol-D rod and the coil voltage. 1In addition to this
Terfenol-D subsystem, a complete model of the actuator would
include the stress-strain relation that the mechanical subsysten

of the actuator would impose on the Terfenol-D.
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The mechanical power produced by the actuator can be found
from the stress-strain curve over a cycle. For example, if the
stress and applied field waveforms of Figures 30 and 31 are
applied to the Terfenol-D, the resulting stress-strain relation
shown in Figure .2 can be found using the curves of Figure 28.
The area enclosed by the stress-strain loop of Figure 32 is
simply the mechanical energy per unit volume that is produced by
the Terfenol-D. This energy density can be as high as 25kJ/m3
(0.67 BTU/ft3), approximately an order of magnitude higher than
for pliezoelectric materials.
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Figure 32 Stress vs Strain in the Terfenol-D for the
Example Waveforms

The mechanical power output of the actuator depends both on
the energy delivered during the cycle and the frequency of
operation. If the actuator were run at 1000 Hz, power densities
of up to 2.5 kW/kg (1.5 hp/lbp) are possible. Note that this is
approximately 10 times the power deﬁéity (approximately 0.1
hp/lby) for conventional electric motors. Higher frequency
operation resulting in higher power densities is also possible.
The efficiency (mechanical output power/electrical input power)
of the actuator can be 50% or greater. Losses are dominated by
the magnetic hysteresis 1losses in the Terfenol-D, but also
include resistive losses in the solenoid and eddy current losses,

which can be minimized by the use of laminations, in the
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Terfenol-D.

Besides the stress/strain/magnetic field properties shown in
Figure 28, other important properties of Terfenol-D are given in
Table 3 below25., The high compressive strength of Terfenol-D
combined with the greater magnetostriction when under compression

means that Terfenol-D should nominally be under compression.

Table 3. Terfenol-D Properties

Mechanical

Density 9.25 103 kg/m3 0.33 1by/in3
Young’s Modulus 25-35 GPa 3.56-5.0 105 psi
Tensile Strength 28 MPa 4.1 ksi
Compressive Strength 700 MPa 100 ksi
Thermal

Thermal Expansion 12 x 10~¢ /degree C

Magnetic

Relative Permeability 4 -6

Mechanical Coupling Factor 0.7 - 0.75

In summary, Terfenol-D is an exciting new material that will
allow the design of novel electromagnetic actuators. It is
particularly well suited to applications, such as distributed
actuators, that require a combination of large forces, relatively
small motions, high bandwidth, and good transient response.
Compared to piezoelectric materials, it offers a factor of ten
improvement in strain, energy density, and power density without

requiring the high voltages typical of piezoelectric actuators.
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Proparly designed, Terfenol-D based actuators can have power
densities an order of magnitude greater than conventional
electric motors and solenoids. In addition Terfenol-D based
actuators can be simply controlled.

This brief investigation into the properties of Terfenol-D
show that exciting new actuator designs can be developed based on

its unique properties. ‘

Summary of Actuator Design Section

In this section, magnetic analyses were reviewed briefly in
order to present the actuator design types considered. Five
actuator designs were considered: interaction of distributed
coils with the Earth’s magnetic field, interaction of distributed
coils with a large flux source, interaction of distributed coils
with each other, 1local interaction of coils on a flexible
structure truss element, and use of a magnetostrictive material,
Terfenol-D. The first two approaches were shown to be
undesirable for control of the beam model used in this
investigation. Further comparative analysis of the distributed
coil interaction approcach and the local interaction approach is
presented in the next section. The use of Terfenol-D is very
promigsing and requires a more complete analysis. This analysis

is baing proposed as an initial task for Phase II.

COMPARISON OF ACTUATOR APPROACHES
In this section further analysis is presented to compare the

more promising actuator approaches, ie the distributed coil
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interaction and the 1local coil interaction. The actuator
approach requiring the use of Terfenol-D, which is very
pronising, requires further analysis in Phase IX. The local and
distributed actuator approaches wers compared in two ways. The
firat comparison vas a mass and power comparison and was
calculated by natcﬁinq actuator force. The second comparison was
done on the basis of energy tnnovod from the baseline flexible
struciure model developed under task 1. The second methodology
quantifies both the concepts of control effectiveness and the
optimum actuator location for control of a vibrating beam. The
control effectiveness is a function of both actuator type and

mode shape.

Force Comparison

Cne way to compare the local and distributed actuator
schemes is to match the vertical force transmitted b} the
actuators to the beam and then to compare the required mass and
power to obtain this force (For the local interaction scheme, the
truss-beam interaction is modelled as if the beam imposed a
kinematic constraint of no deflection, thus force and “not
deflection is transmitted to the beam.). For the local actuator
approach, mass and power comparison calculations were performed
using a current density of 108 a/m?2 (9 x 106 A/ft2), wire cross-
sectional area of 1 cm? (0.155 in?), and coil radius of 1.27 cm
(1/2 inch). The ratio of separation distance (r) to coil radius
(a = 1.27 cm = 1/2 in) is varied from 1 to 4. This is the near
field range where Maxwell’s mutual inductance formula (30) is
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appropriate. These values are also appropriate for
implementation in the MAST model. Aluminum conductor was assumed
for both the local and the distributed actuator approaches.
Parameters compatible with the MAST model were also chosen for
the distributed case. In this case, coil separation distance (r)
was equal to the distance between the distributed coils if they
were located at the ends of a MAST truss section. Because the
MAST trusses were 1.6 m long (5.2 ft) with a truss angle of 479,
the separation distance for the coils is 1.6co8479° m (5.2 cos47°
ft). The coil radius for the coils in the distributed case were
chogsen to be 5 cm (1.97 in). Notice that this value of r/a = 20
is appropriate for the dipole far field eguations (Equations (25)
and (26)). Magnetic moments of the coils for the distributed
case, were chosen to match the vertical force transmitted to the
beam calculated in the local case. Figure 33 is a plot of mass
vs vertical force transmitted to the beam. Figure 34 is a plot
of power vs. vertical force transmitted to the beam. If the
coils wvere superconducting, no power would be required. The plots
show that the local interaction scheme requires both less mass
and less power than the distributed scheme. The larger forces
are obtained for the cases where the coils are close together.
Thus r/a=1 is the point corresponding to the largest force of
approximately 0.4 N {0.09 1lb) in PFigures 33 and 34. This
comparison is useful as it gives the tradeoff between mass,

powver, and force.

-

59

res

A




Mass Comparison for Local vs. Distributed lnteraction Schemes
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Figure 33 Mass Comparison of Local vs Distributed
Actuator Concepts

Control Effectiveness and Optimum Actuator Location Deriva-
tion of Control ERffectiveness

A methodology is developed in this section to determine the
optimum location for removing power from a vibrating beam using
the 1local or distributed actuators. The 1local and the
digtributed coil interaction schemes are then compared using this
methodology. The approach is to consider the energy removed from
the beam as a function of actuator force and/or torgue and modal
digplacenments, and then maximize the energy removed with respect
to the modal parameters.
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-Power Comparison for Local vs. Distributed Interaction Schemes
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Figure 34 Power Comparison of Iocal vs Distributed
Actuator Concepts

For example, an actuator which produces a single force would

remove power from the beam as follows:

where

P = Feyew (32)
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F = Actuator Force
y = Translational Displacement at Actuator lLocation
» = Modal Frequency
Therefore the energy removed per cycle is given by:
E=F.y (33)
On the other hand, an actuator which produces a single torque
would remove power from the beam given by the following
expression. | "
P=re 8: 0 (34)
where
+ = Actuator Torque !

e

Rotational Displacement at Actuator Location

w Modal Frequency

Energy removed per cycle by a single torque actuator is
therefore:

E=r.06 (35)

The actuators considered here are not single force or torgue

actuators. They produce both force and torque. A general

expression can be written for the energy removed per cycle from a

beam:

n
E=1zi Fiyi + 3Zj r4y 85 (36)

Ht‘!g

where there are n actuator forces and m actuator torques. This is
obtained by summing the energy removed per cycle at each actuator
location. This term will be referred to in this paper as the

control effectiveness of the actuators. Later comparisons of the
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ability of the different actuator types in damping out the
;% vibrations of a beam will be made using this concept.
| If a sinusoidal mode shape is assumed, the translational

displacement (y) for the beam can be written as:

. y = A sin ( ---== ) (37)

where x is the axial position and 1 is the beam length.
Using Bernoulli-Euler beam theory the rotational displacement,
6,is obtained by taking the derivative with respect to x.

2 x , 2 ° X
8 = ( ---) cos ( --=--- ) (38)
1l 1

Comparison of Control Effectiveness for Distributed and Local
Cases

Expressions for the energy removed per cycle (effectiveness)

{ will be derived for the distributed coil interaction case and

r several variations of the local coil interaction case.

-

The truss beam-interaction for the local case is modelled as
if the beam imposes a kinematic constraint of no beam deflection.
This type of model was shown in Figure 27(a) where the force
transmitted from the truss to the beam is shown to be
proportional to the ratio of coil separation distance to truss
length. There are three variations of the 1local actuator
approach that are considered. The first is a one truss actuator
that is in tension (or compression). The second is a two truss

actuator in which both trusses are simultaneously either in

sty - ,‘_,, - ‘-.r:——.--—a-,—*"‘u o) -

tension or in compression. The third approach is a two truss
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actuator in which one truss is in tension and the other truss is
in compression. These variations on the local actuator approach
and associated force modelling assumptions are shown in Figure
35. Notice from these figures that axial effects on the beam are
neglected because only beam bending is being modelled. These
models are appropriate for use in conjunction with the finite
element beam model developed previously. The elements are point
nodes; hence, the model of the beam-truss interaction is one
which uses an equivalent force system on é node located on the
neutral axis of the beam. Notice in Figure 35 the notation "F¢"
denotes the force transmitted to the beam by the truss, "e" is
the truss angle, and "w" is the beam width. The one truss

actuator produces a moment and a force on nodes which correspond

W
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(a) One Truss Actuator

Figure 35 Modelling Assumptions Appropriate for Use in
Finite Element Beam Model for Local Interaction
Actuator Schepmes (continued on next page)
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(b) Two Truss Actuator in which Both Trusses
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(c) Two Truss Actuator in which One Truss is in
Tension and the other is in Compression

Figure 35 Modelling Assumptions Appropriate for Use in
Element Beam Model for Local Interaction
Actuation Schemes
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to the axial location of the ends of the truss Figure 35(a). The
force and torque on the structure produced by this actuator, as
well as the other types of actuators, is zero, as expected from
Newton’s Action-Reaction Law. The two truss actuators can be
modelled by force and torque effects at three nodes. For the two
truss actuator that has both trusses in either tensioa or
compression (Figure 35(b)), the two outer nodes undergo forces of
the same direction and magnitude and torques of opposite
directions and the same magnitude. The middle node, which
corresponds to the truss intersection location, undergoes a force
that is twice the magnitude of one of the individual forces on an
outer node. Again, by adding up these forces and torques, the
net effect is zero. The third actuator approach (two truss
compression-tension) produces a different effect on the overall
beam structure (Figure 35(c)). The middle node has a moment that
is twice as strong and in the opposite direction as the moments
on the outer nodes. The outer nodes have forces which are equal
in strength but opposite in direction.

The distributed actuator approach can be modelled in a
similar way (Figure 19). This model has two nodes located at the
positions of the two coils. The two forces produced are of equal
magnitude and opposite direction. The two torques produced in
the coils cancel the net moment produced by the forces.

Because the distributed case and the one truss local case
reduce to similar force effects on the beam, a common terminology

is introduced (Figure 36). The mean location of the actuator
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Figure 36 Definition of Mean Location, o, and Coil

Separation, 8, for Sinusoidal Mode Shape

force and torque application points normalized by the wavelength
of mode, \Ap, is denoted by a:

(39)
Ap

vhere ¥ is the distance of along the lencth of the beam of the
mean location of the force and torque application points. The
term g denotes the coil separation; again this term is normalized
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by the wavelength of the mode.
x 1

ﬁ=;;-
where 1 is the distance between force application points.
Expressions for the control effectiveness E (energy removed per
unit cycle) were derived using Equation (36) for each actuator
type being compared. These expressions are shown in Table 4.

Table 4 Effectiveness Expressions for Local and
Distributed Actuator Types

Effectiveness Expression
Local One Truss 2FA cos aB cos g - sin 8]
Local Two Truss 4AFA sin a[sin?g - 8 sin (28))
Tension-Tension 2

small 8 E a g%

Local Two Truss 2AF cos a[sin (28) - 28 cos? 3]
Compression-Tension
small § E a 83

Distributed "Configuration 2FA CcOS a sin g - 28FA cos a cos 8
/]
2" Schenme + % BFA sin a sin ¢

In these expressions, "A" is the amplitude of vibration and
"F" is the vertical force transmitted to the beam. Effectiveness
was calculated in order to determine which local actuation scheme
is the most useful for flexible structure control of the MAST
heam model. The calculations were performed for one actuator

located at its optimum location on the flexible beam model
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developed previously. The optimum location is found by
maximizing the effectiveness term with respect to the mean
location "“a". The results of these calculations are shown in
Figures 37 and 38. Fiqure 38 is plotted on a logarichmic scale
to emphasige what happens when g is small. This is of interest
because the flexible structures have low natural frequencies,
long wavelengths and thus small g’s. Using Figure 38, the local
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interaction variations can be compared. This plot shows that an
actuator consisting of two trusses, one undergoing compression
and the other undergoing extension, is uore effective for small
B’s than a one truss extension or a two truss extension-
extension. In fact, it can be shown, using Taylor series
expansions, that the effectiveness for the truss extension-
compression case is proporticnal to g3 while the effectiveness
for the truss extension-extension case is proportional to p4.
Table 5 is a summary of effectiveness calculations on a per
mass 2nd per power basis for the distributed interaction scheme
and two variations on the local one truss interaction schenme.
Because the MAST deployable beam structure has truss angles of
47° for some of its structural trusses, one local scheme
considered in these comparisons also uses a truss angle of 47°,
Analysis, howvever, showed that for the purpose of removing
energy from a vibrating beam with the actuators considered, a
truss angle of 30° is more effective. Thus a second local scheme
is considered with a truss angle of 30°. The modal wavelength
used in these calculations is 60 m (197 ft), which is the length
of the MAST structure, and a non-superconducting current density
level of 105 A/m2 (9 x 104 A/ft?) is assumed. The chart shows
that these local interaction schemes are two orders of magnitude
better than the distributed interaction scheme on both an
effectiveness per mass and an effectivenass per power basis. The
best effectiveness per mass per vibration amplitude (energy

removed per cycle from a vibrating beam per kg of actuator mass
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Table 5 Effactiveness Calculations
Modal Wavelength: 60 m
Current Density: 105 A/m2

E J E J E J

- n s 6 . us - .- - b T 65 Eb O T e ..

A m cycle Am nKg cycle i; m wWatt cycle

Distributed 7.78x10"10 2,38 x 10-10 2.6 x 10™11
Interaction "

nstandard" Size

Dipoles 10 m Apart

One Truss Local 3.2%10~10 . 2.9 x 1078 2.9 x 109
Interaction Schenme

for MAST

Truss Angle 47°

Truss Length 1.6 m

Wire C.S. Area (1/2)2cm?

Coil Radius 1.27 cm

One Truss Local 4.5%x10"10 4.1 x 10-8 4.1 x 1079
Interaction Scheme

Truss Angle 30°

Truss Length 1.6 m

Wire C.S. Area (1/2)2cm?

Coil Radius 1.27 cm

per vibration amplitude) in this chart is 4 x 10~8 J/m kg cycle
(5 x 10”12 Btu/ft 1bm cycle) and 4 x10~2 J/m watt cycle (8.6 x
10-10 ptu/ft hp cycle) for the local two 30° truss extension-
compression case.

Because of the simplifying modelling assumptions used in
this Phase I investigation, these effectiveness numbers should
only be used for comparing the different actuator approaches. 1In
particular, these calculations are based on extreme models of

truss-beam interactions. In either extreme model discussed
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earlier (zero force va zero deflection Figure 27), the desired
effect (force or deflection) is reduced by a factor of r/l
(separation distance to truss length) if the coils are placed in
the middle of the truss. If two sets of coils are placed close
to the ends of the truss, however, an equivalent simple model
will increase by a factor of 1l/r the cffectivoposs calculated
using the rigid beam model.

The coils are capable of producing adequate forces. As
shown earlier, with current densities of 108 a/m? (9 x 106
A/fta), the local interaction case was shown to be capable of 5 N
(1.1 1lb) for geometrical parameters appropriate for MAST.
Because of the simplifying modelling effects, further
effectiveness analysis is suggested as an initial task in Phase
II.

Tables 6 and 7 are similar charts which show the same effect
for different wavelengths and/or current densities. The trend
showing the 1local interaction is better than the distributed
interaction in an effectiveness per mass basis is again shown in
these charts. Table 6 is for a wavelength of 360 m (1181 ft),
and a non-superconducting current density. By comparing this
chart with the previous chart (Table 5) it can be seen that the
effectiveness decreases with increasing wavelength. This is to
be expected as the equations for effectiveness for small g8 (Table
4) show that the effectiveness is proportional to a power of g

and thus inversely proportional to wavelength.
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Table 6 Effectiveness Calculations
Modal Wavelength: 360 m
Current Density: 106 a/m?

J E J E J

E
A

®m cycle Am mnKg cycle AP m Watt cycle

Distributed 2.0x10°11 .1 x 10-12 6.1 x 10™13
Interaction

"Standard® size

Dipoles 10 m Apart

One Truss Local 1.5x10"12 1.3 x 10-10 1.3 x 10°11
Interaction Schenme

for MAST

Truss Angle 47°

Truss Length 1.6 m

Wire C.s. Area (1/2)2cm?

Coil Radius 1.27 cm

One Truss Local 2.1x10"312 1.9 x 10°10 1.8 x 10~11
Interaction Scheme
Truss Angle 30°
Truss Length 1.6 m
Wire C.S. Area (1/2)2cm?
Coil Radius 1.27 cm

Table 7 is effectiveness calculations using a
superconducting current density wavelength of 360 m (1181 ft),
respectively. The effectiveness per power basis is not shown
here because superconductors use no power. These numbers are an
improvement by 4 orders of magnitude over their respective
effectivenesses in Tables 6. The actuator type with the highest
effectiveness can remove 1.9 x 10°% J/m kg cycle (2.5 x 10-10

Btu/ft 1bm cycle).
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Table 7 Effectiveness Calculations
Modal Wavelength: 360 m
current Density: 108 A/m?

E J E J

A m cycle Am mKg cycle

Distributed 2.0 x 10~7 6.3 x 10°8

Interaction
"Standard" Size
I lpoles 10 m Apart

One Truss Local 1.5 x 108 1.3 x 1076
Interaction Schene
for MAST
Truss Angle 47°
Truss Length 1.6 m
Wire C.S. Area (1/2)2%cm?
Coil Radius 1.27 ¢m
One Truss Lccal 2.1 x 10”8 1.9 x 1076
Interaction Scheme
Truss Anjle 30°©
Truss Length 1.6 m
Wire C.S. Area (1/2)2cm?
Coil Radius 1.27 cm
Summary of Actmator Comparison Section

In this section two types of actuator designs were compared:
the 1local coil interaction and distributed coil interaction
cases. Comparisons were performed on both a force and an energy
basis. The local coil interaction was shown to be a better
approach on a per mass and a per power basis for control.ing beam
vibrations. 1In addition, several variutions on the local coil

interaction scheme were examined.
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CONTROLLER DESIGN

The purpose of this section is to verify the open loop
analysis developed previously for the effectiveness comparison of
the various actuator schemes. This will be done by simulating
the MAST model with approximately 200 local actuators of five
Newton force (1.1 1b) capability actuators placed optimally on
the structure. As stated earlier, the effectiveness numbers are
strongly _dependent on the modelling assumptions of the tfuss-beam
interactions and should only be used to compare the different
actuator approaches.

The method used to verify the open loop predictions is to
plot time simulations of a vibrating beam placed under optimal
control action using two different local actuation schemes. The
time simulations should show that the scheme with the higher
effectiveness will be able to damp the vibrations faster.

Two local interaction schemes are shown along with a diagram
of the forces and moments which are transmitted to the beanm.
Each local interaction scheme consists of two truss structures.
These are shown in Figures 35(b) and 35(c). Each truss has a pair
of coils centered in the truss section. In the first local
interaction scheme the coil forces are set up to produce tension
in both trusses or compression in both trusses. The second local
interaction scheme is set up to produce compression in one truss
and tension in the other truss. Time simulations were
performed with a mode 3 initial condition and a maximum

transverse displacement of 1 c¢m (0.4 in). This mode has a
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vavelength that is approximately the length of the beam (60 m
(197 ft)) and a frequency of 5.7 Hz. The maximum transverse
displacement occurs at the 20 m (65 f£t) node. The mode shape is
shown in Figure 5. Time simulations of the controlled structure
are shown in Figures 39 and 40. The maximum vertical force
transmitted to the beam was matched for both cases to be around
1000 N (225 1b). The effectiveness calculations presented
previously predict that the compression extension scheme will
remove more energy per unit time from a vibration beam than the
extension-extension case. The time simulations verify this
prediction. They show higher damping levels for the compression

extension scheme.

CONCLUSIONS

This Phase I SBIR research has investigated the
feasibilitg of using an array of magnetic coils for use as an
actuation System for flexible structure control. Five actuator
designs yere compared. The first actuator design involved
magnetic‘coils distributed in a flexible structure. These coils
would produce control torques on the beam by interacting with the
Earth’s magnetic field. The second actuator design was control
torque production by the interaction of distributed magnetic
coils with a large flux source located on the spacecraft. The
third actuator design produced control forves and torques by
interacting distributed coils on the structure. The fourth was

to place the coils very close together to obtain stronger forces
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and torques on the flexible structure. This approach was termed
local interaction. The final actuator approach requires the use
of a new material, Terfenol-D, which is magnetostictive, i.e., it
strains under the presence of a magnetic field.

Initial investigations on each of these methods wrre
performed. The interaction of distributed coils with the Earth’s
magnetic field would require the shape and vibration control
system to depend strongly on the position of the actuator with
respect to inertial space. Also, this method can only produce
control torgques because the force depends on the gradient of the
magnetic field which is small for the distances associated with
the magnetic coils. The second method, interaction with a large
flux source, is only capable of torque production about two axes.
And furthermore, there would be a torque on the large flux source
which is large enough to interfere with attitude control. These
first two actuator methods are undesirable for a MAST type
structure. They may have application, however, to a spacecraft
with combined rigid body attitude control andf;lexible structure
control. The actuator approach using a new magnetostrictive
material, Terfenol-D, was shown to be a very promising approach
that requires further Phase II investigation.

The emphasis of this Phase I research was comparing the
distributed coil and the local coil interaction methods. The
local interaction approach transmits more force to the structure
on both a per mass and a per power basis than does the

distributed coil approach. A concept was developed which
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quantifies the effectiveness of an actuator being used to damp
vibrations in the MAST beam model. This concept is based on the
amount of energy removed per cycle. Several variations of the
local interaction actuator concept were then investigated. These
included a one truss local actuator and two truss actuators. One
type of two truss actuator had tension (or compression) in both
trusses. The other type had tension in one of the trusses and
compression in the other truss.

The open-loop effectiveness comparisons were verified by
simulation. A controller was designed for the system using
linear-quadratic methods. The two truss tension-tension case and
the two truss compression-tension case were compared and verified
the control effectiveness analysis.

Further comparative analysis of the 1local interaction
approach and the Terfenol-D approach is recommended for Phase II
research. Simpler analytical models, for example those that
model strictly the actuator and truss section, are recommended.
Phase II will include the design and construction of both types
of prototype actuators. The use of the truss and actuator models
will also allow comparison with more conventional actuator

approaches such as piezoelectrics.
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